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IMPACT or FOTliUL FULL PHOITBTTKS ON AIHCRAPT ENCJNFfi AND FUEL SYSTEMS 

R. A. Rudey and J. S. Grobman 
NASA Lewis Research Center 
Cleveland, Ohio 4413S, U.S.A. 


SUMMARY 

currant projections of the availability of high-quality petroleum crude oils, 
it is becoming increasingly apparent that the specifications for hydrocarbon jet fuels 
may have to be modi tied* The problems that are most likely to be encountered as a re- 
ault of these modifications relate to engine performance, component durability and main- 
tenance, and aircraft fuel-system performance. The effect on engine performance will be 
associated with changes m specific fuel consumption, ignition at relight limits, at ex- 
haust emissions. Durability and maintenance will be affected by increases in combustor 
liner temperatures, carbon deposition, gum. formation in fuel nozzles, and erosion and 
corrosion of turbine blades and vanes. Aircraft fuel-system performance will be affected 
by increased deposits in fuel-system heat exchangers and changes in the pumpability and 
flowability of the fuel. The severity of the potential problems is described in terms of 
the fuel characteristics most likely to change in the future. Recent data that evaluate 
the ability of current-technology aircraft to accept fuel specification changes are pre- 
sented, and selected technological advances that can reduce the severity of the problems 
are described and discussed. 


INTRODUCTION 

This paper describes and discusses the propulsion-system problems that will most 
likely be encountered if the specifications of hydrocarbon-based jet fuels must undergo 
*7?, £ icant ( r hanges in ^ he future and, correspondingly, the advances in technology that 
will be required to minimize the adverse impact of these problems. 

Future jet aircraft fuels derived from petroleum or "synthetic" crude stocks such as 
oil shale or coal may have significantly different fuel properties than current jet fuels. 
The effect of these changes in fuel properties on selected combustion processes are des- 
cribed and discussed in reference 1. As pointed out in reference 1, significant changes 
in fuel properties may bo encountered in the not-too-distant future; the most probable 
changes will be in the hydrogen- to-carbon ratio, the percentage of aromatic compounds, 
the percentage of nitrogen compounds, and the fuel boiling range. The relationship of 
these fuel property changes to potential propulsion-system problems is illustrated in 
Figure 1. A higher fuel boiling range will likely result in a less volatile, more vis- 
cous fuel, which will affect both ignition characteristics and idle emissions, and a 
higher freezing point, which will affect th« pumpabilitv and flowability of the fuel. 
Increases in aromatic compounds will result in increased smoke and flame radiation and 
poorer chemical stability. Increases in nitrogen compounds will result in increased 
nitric oxide emissions and, again, poorer chemical stability. These potential problems 
impose some very severe constraints on the ability of conventional aircraft-engine tech- 
nology to accommodate fuels with variations in these properties. Several investigations 
have been recently made or are currently under way to evaluate the effects of some of 
these property changes on conventional aircraft-engine technology (2-7) . The principal 
problem areas that have been identified to date are primarily associated with the engine 
combustor and turbine and with both the engine and the aircraft fuel system. 

Although this paper describes potential problems and the ability of advanced tech- 
noiogy to minimize or eliminate them, in the final analysis, the choice between estab- 
lishing allowable variations in fuel properties and implementing advanced propulsion- 

^ ec ^ n0 ^ 0< 3y will be arrived at through an iterative process. Obviously, economics 
will play a key role, as will the availability of high-quality crude oil feedstocks. 
Therefore, the criteria by which to make an optimum trade-off between future fuel 
specifications and advanced technoloqical needs must be established. This is the prin- 
cipal objective of the Fuels Technology Program that is beinq conducted by the National 
Aeronautics and Space Administration (NASA) and from which a large part of the informa- 
tion presented in this paper was derived. Many other proqrams sponsored by both the 
d.S. Government and private industry are also under way, and they too have contributed 
information to this paper. 

Several investigations conducted are summarized. Illustrations are used to describe 
the relative effects of selected fuel properties on the behavior of propulsion-system 
components and fuel, systems. The selected fuel properties are those that are most likely 
to be relaxed in future fuel specifications (1). Illustrations arc also used to describe 
technological advances that may be needed in the future. Finally, the technological areas 
naeding the most attention are described, and programs that are under way to address 
these needs are briefly discussed. 
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ENGINE t'E UFoUMANC'K 

Potential futun fml proper t. ion will generally affect engine performance by changing 
specific fuel consumpt ion, ignition ami relight limits, and exhaust omissions. Each of 
these factors in <!<*.» L U with separately. 


Specific Fuel Consumption 

In general, the specific fuel consumption <SFC) characteristics of aircraft engines 
go through a cyclic deterioration with time (Fig* 2) : A short-term engine performance 

deter ioration , or increase in SFC occurs during early operation within the .’left; long- 
term engine performance deterioration is modified in a cyclic manner by engine repair. 

The short-term deterioration ordinarily results from changes in running clearances and 
tolerances in what might be called the break- in period; it is not generally recoverable. 
The long-term trend can be modified by engine repair; for the newer high-pressure-ratio 
engines this generally means replacement or refurbishment of hot-section parts. Many 
hot-section problems are caused by temperature maldistribution and by erosion and cor- 
rosion. Without the repair of hot-section parts, the overall long-term engine performance 
deterioration woulu be much greater than that shown on Figure 2. Relaxed fuel specifica- 
tions, especially in the percentage of aromatic compounds and trace species such as 
vanadium and sulphur, may considerably aggravate long-term deterioration. The problems 
that may be caused by changes in aromatic content and trace species are described in more 
detail in the section ENGINE COMPONENT DURABILITY AND MAINTENANCE. 


Ignition* and Relight Limits 

The principal fuel properties that affect the ignition and relight limits of an air- 
craft engine are volatility and viscosity. Fuel volatility and viscosity affect the 
atomization and vaporization characteristics of the fuel as it is sprayed into the com- 
bustion chamber . How these properties affect combustor ignition characteristics is illus- 
trated in Figure 3 (taken from ref. 5) , where tine to start is plotted as a function of 
combustor primary-zone equivalence ratio for a JP4 fuel and a Jet A fuel. Two effects 
are clearly shown in Figure 3: For a qiven fuel (e.g. , .TP-4) , the time to start increases 

dramatically with decreasing equivalence ratio after a critical minimum is reached. This 
is primarily due to the effect that reducing fuel-nozzle flow rate has on the atomization 
quality of the fuel spray. The second effect relates to fuel volatility and viscosity. 
Substituting a Jet A fuel for a JP-4 fuel, and thus varying volatility, made a higher 
primary-zone equivalence ratio necessary for successful ignition. The need to provide a 
richer primary-zone equivalence ratio could make it difficult to obtain adequate ignition 
limits for a fixed-geometry conventional combustor , Volatility and viscosity can also 
affect an engine's altitude relight envelope, as illustrated in Figure 4, for a modern 
high-bypass- rat io jet engine combustor using cold and heated JR-5 fuel. Reducing fuel 
volatility and increasing viscositv, as simulated by using the cold fuel, caused a notice- 
able loss in altitude relight capability, especially at the higher flight Mach numbers. 
Several techniques that can be used to improve relight are described later in this paper. 


Exhaust Emissions 

The principal fuel properties that can affect engine exhaust emissions are volatility, 
hydrogen .content, and fuel-bound-nitrogen content. These properties affect all four of 
the principal exhaust emissions that have been designated as air pollutants and that are 
currently being regulated by the U.S. Environmental Protection Agency (EPA) ; carbon 
monoxide, hydrocarbons, nitrogen oxides, and smoke. 


Effects of hydrogen content. - Fuel hydrogen content can affect all four pollutant 
emissions. Very dramatic increases in combustor smoke number with decreasing fuel hydro- 
gen content have been obtained in experimental evaluations using conventional combustion 
chambers from current-technology aircraft engines. An example of this effect, for a 
conventional can-type combustor, is illustrated in Figure 5 (taken from ref. 6). At a 
simulated takeoff operating condition (Fig. 5(a)) the measured Society of Automotive 
Engineers (SAE) smoke number increased in a nearly linear manner as the percentage by 
weight of fuel hydrogen was reduced. The relative impact, as indicated by the slope of 
the experimental data, war* more severe at the cruise and idle operating conditions, as 
shown in Figures 5(b) and (c) , respectively. For the engine that uses thi3 combustor, an 
SAE smoke number of 25 is required at takeoff for compliance with the currently proposed 
U.S. EPA standards. 


The carbon monoxide (CO) and unburned hydrocarbon <HC) emissions of this same can 
combustor opera tin*] at idle conditions are plotted an a function of fuel hydrogen content 
in Figure b (taken from r-*f. 6). Although a considerable amount of scatter is evident, a 
trend of slightly i firn-iiii mu CQ and HC emissions is dntortabl «• with decreasing fuel hydro- 
gen content. This ef!e«;L >A iuel hygrog.-n content on r< > and !<’ omissions will be most 
prevalent at the idle condition, as l L lustra ted in Figure 7 ( taken from ref. 5) , wheio 
emission characteristics of a low-pressure-ratio engine combustor are plotted as a function 
of the percentage of engine rated power for a variety of fuel types. Because 
2 diesel fuel (DF-2) has a significantly lower hydrogen 
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the jet fuoLti, it. j»r oi.lurm higher etr.i ::?tionn . 
et idle, jm compared with the other epofutin 

lower conipresnor pleasure and t cmpei utui e at; idle. The of fiu-t ~of” fuel "hydro** 

gen content on co ..mi H(‘ onunniona, as illustrated in thm example, may not be aa oignifi- 

di 2 ehir C | Ulll ‘ nl ; mU tUtUI ° Ulofk ’ in h iqh-pre mure- rat.. 10 engine:*. The higher comprennor 
discharge pi enauren aim temperature:, ot them? engines should imninuzo this problem. 


l etr.i :,*iionn . The larger relative effort on emineions 
let ep*. rating condition:*, i r» attributed to the much 


The effect of fuel hydrogen content on ox ides of nitrogen (NO ) omissions is illus- 

ures°S %/r T l* l°u r th ° ° an f‘" t0r °htuin the r^iulta iihown In H 

tHhf. ? v <r , * C T - ' tkc ,;0 :< ‘-•mission index increase was more pronounced 

i ^ condition than at the cruise condition. This increase in N0 X emissions 
oecur^nH 1 ^ J possible increase in combustion flame temperature that could have 

ff™ Jlf r f L V Ut ' 1 hyuroqen content was decreased. An example of such an increase in 
n ^ ' illustrated in Figure 9, whore a computed maximum flame temperature 

(based on a homogeneous iuel-uir mixture) is plotted as a function of fuel hydrogen cor.- 
tent for the same ciuiiiu ana takeoff tost conditions used to obtain the experimental re- 
trend t h S W V n Figure 8 * • ThOSe tbcoroti cal temperature characteristics indicate that a 
pectedl fd lncreaslny NO x emissions with decreasing fuel hydrogen content should be ex- 

iner.IL^ ° f h?) 636 effects of ^ uel hydrogen content on exhaust emissions, the dramatic 
increases in smoke emission are felt to be the most severe and challenging problem. 

expec^e ^ " tp S h ^bel- b ou nd- nitrogen content . - Increasing fuel-bound-nitrogen content is 
!!!£?!!* d fc ° havu an e f‘ ocl; only ::e x emissions. This effect for a low-pressure-ratio 
engine combustor is illustrated in Figure 10 (taken from ref. 7) for three simulated en- 

M2rtir?ftn atln9 f C °I d | ltl0 a S ' ■ Th ° "'° y - emissions increased substantially at all operating 
uA nd «mt° n3 33 * ue b " b ° und ' ni trogen content was increased. The magnitude of the increase in 


NO* emissions would be even 
but this was not the case, i 


r.ore pronounced if all the nitrogen were converted into "Ov , 

c- C h AU ^ 11 ml - . •- ' 


urt n i f c W ^ S ^° t . the c f se '. as shown in Fi <^e 11- The conversion efficiency shown in Fio- 
elLlLtL* r typlca l aaa comparable with many results currently being obtained in other 
nSn if _ In S ° me StudieS ' however, conversion efficiency has h en shown to be a func- 

cieneife comoustor configuration and operating conditions. Conversion effi- 

ciencies from as high as 80 percent down to *10 or 50 percent have been realized. 

. Tn ll t ^ ese oxperiments • fuo1 hydrogen and fuel-bound-nitrogen contents were varied bv 

nvr?rnL eX iu ng * spec i f i cati ° n £uei£ With such P uro compounds as alkyl benzenes and 
pyridine. .he range of hyarogen and nitrogen contents was purposelv made large in order 
to evaluate the effects m a parametric manner. The lower and upper limits were not set 
to imply that any particular levels are expected in future fuels. Also, bear in mind 
that most of the results were obtainea in controlled combustor test-rig experiments and 

?** n °* ? e com P a *’ ^ble to actual engine results. Nevertheless, the trends in exhaust 
that .* ero illustrated are felt to represent what can be expected if fuels having 
properties sn.iilar to the test fuels are used. y 


ENGINE COMPONENT DURABILITY AND MAINTENANCE 

Changes in future fuel characteristics will likely have a pronounced effect on enoine 
that°ran t h dUrabll ^ tY ancl maintenance. The increasing flame temperature and luminosity' 
eomhncfnr b ?i GXPeC 2 T 5 uul proven content is reduced (1) can cause problems in cooling 
stability J and t i ir ^ lnC Vanes and blddes * Changes in fuel volatility and chemical 

In roarfL +. expected to increase carbon formation and deposition. And any increase 

E^ch of the^ rhn ^ 3 ^ tu e nt ^ win certainly agaravate the erosion and corrosion problems. 
Each of these changes are considered in the following discussion. 
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Combustor Liner Temperature Q p pQQR QUAI 

eh.nuTn^ L"“ CtiVe ? ooliny of combw .or liners is becoming more difficult because of the 
C i /Ll V cond£tion£ ' asociated with high-pressure- rat io engines. The effect 

(LkcS from 5 V ln H t r ,pcr ^ ure ° n linor temperature is illustrated in Figure 12 

(taken from ref. 8). ihc effect is almost linear and is probably caused by the increasing 

t « l "P® rjburo and tho increasing flume temperature that, would occur at a fixed 
fin IneL I- 0 J“ cl - a * r ratl ° as J nlut illr temperature is increased. Another factor that 

£1* W ? t *"» ,eMtut '‘ and ‘ .missivity in combustor pressure. The effect of 
linf! a temnoI!r bU;jl<>r 1 ’ ; i:iur,! u on linor temperature i;-. illustrated in Figure 11. Calculated 
1 !fi 1 U ° '\ lU ^ :,hown ln both Figures 12 and 13 and, in general, they are in 
Ind nlelm.r j W \V‘ '' tl,c ilnd trcn<1 ot ' ‘ ,M: measured experimental temperature 

too h?»k ? te effects. However, tile calculated absolute liner wall temperature levels are 
r?viI! 9 !V'f? b ‘ ,bly ,V CaU:i - •' 0, 1,lr " r, " h, *tion cannot be accurately forecast. The sensi- 

rw Vi K y i f 1 ln '. r Wal1 '■■•mper.itures tc t lame emissiviPy (luminosity) is strongly affected by 
the hydrogen to- cm bon ratio ot the fuel (1). This effect is illustrated in Figure 14 ' 

content^ xporunentully measured liner temperatures are plotted as a function of the hydrogen 
n th ' J "' - , ' 1 * "St l r.g a can cc.ml. us f, a ,i.) at two s n-u | ted engine operating 

conditions. Jhc st. copi-r :» 1 ' >| >*:* of tin* i;u..a<;ur<>u Liru-r t « * r - 1 ^rat urr'i at t ho ^ruiso rendition 1 ' 
•uggests that the flame luminosity effect becomes more , renounced at r'ho eomprcssol !iiu- 

■OOt <J foim'Vl i'on CS ,n'T'h C1 ‘‘ 1 V ' 1 b V h ° c,ul:lt ‘ comlillon - The effect of combustor pressure on 
•OOt format? on, and huncu flame luminosity, is desr-rilied \ U detail \n reference 0. 
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;^r rt tf r£S«» ^ <— 

ISttW^iv a<jgravatc°»»ny* problcs*® —elated with liner coohn. 


Carbon Formation and Deposition 


on Formation ana * , 

The combination of the J° n e ”° fu^h^ cause some rather 

into a combustion chamber and a “Ruction problems, as illustrated in Figure IS. F^j re 15 

t^f^rbon^^^onh^occLred in in 

pressure- ratio enfin-. "-eve^carbon ^---^-^^ried^^hr^^oct SfSS 

asss‘^.'srssis?.‘5S-5i p K i ^ i ^.~i*;iii , L.*^as^K5as“"siix-2°Ts^ 1 fi»"s:«« 

"iJSirrisfssss'SSiS^’Sin. ««•» ««» "‘“* a ''° i * tllity “ a 

content specifications* , 

Carbon deposition and coking w ^hin fuel nozzles can = aua ® P r °s 1 ®hown n in U the a spray 

due to thermal stability Jhat Sere previously discussed and can also result in 

ei^ificant^ot-strea^and^attern-factor^roblems wiLin the combustor. 


Erosion, Corrosion, and Deposition 

SbSir.f~.rj a sssns?& “&r j'JibSt -at:;. *». . *• *~» 

£= wwi? ““.^psr : 3Lrr?MSE- 

In gaseous reactions, liquid deposition, and °^ c £1 f ““ n ^ qu id and solid deposits and 

or dirt particles in the combustion gases. illustrated 

The effect that the preceding damage forms ca |? ba Y® estimated to occur in a nearly 

rjrr.sr t r.!°™u ,< ... !.««. ‘““'““Vftiisj JUuJTbiVwjbj^'s 011 ” 

illustrated in Figure 21. 

By conblninp tt. |( Si“5e bb.pb~«t« 

STifita “ a rSKSifiboi«; ut. 

may become significant problems. 


EKGINE TECHNOLOGY NEEDS 

The preceding sections of this pa per descr Pjf^^y^.fwill be 
the relaxing of fuel "‘^iiiSifiK.fitSSSi'i.'SiSib.Kl' ij ,thl. ...tion ol paper. 

Reliable ignition and relight 
Reduced exhaust emissions 
Improved fuel inject' rs 
Prevention of carbon deposition 
Improved materials and coatings 


I. i-'ir 'l: 


i rf 


xi t-hmi.ih it iu not within t h. scope of thin paper to diocuan in detail the research 
iiSTveliUnt nccSs In all then!, areas, technological advances currently being 


■ought arc presented and discussed. 


Engine Performance 

A variety of tochniquca can be considered to minimize potential iqnltion and re- 
light problom^Heat^ fuel to reduce its viscosity can be effective in improving 
fuel atomization, l'rimer or auxiliary fuel nozzles, designed for use during . 
and relioht onlv can also improve fuel atomization at engine starting condition.,. Torch 
iSnitors have been Cery effective in many military applications for high-altitude re- 
lioht All these techniques will add a degree of complexity to the engine and its fuel 
control, therefore? simpler and more reliable techniques are surely going to be needed. 

Several potential desian concepts can be used to control exhaust emissions, a prob- 
lem that may be aggravated by relaxed fuel specifications: 

* Staged combustion 

Air-atomi2ing fuel injectors 
Intensive fuel-air mixing 
Lean combustion 
Fuel-air premixing 
Fuel prevaporization 

In Dractice a combination of many of these techniques could be used in any particular 

-to concept As an example, two recently evaluated advanced combustor concepts are 

2t!ntfIlS reduce '"all 3 the gS^^^t^wiSnrbilS; tSr?e^Ts U |f°t£coneentional 
reduce s^taS* (main? to^redufe thLe emissions 

a ssLs f sr^s an. i 1 -- 

hvdroaen content or increasing fuel-bound-nitrogen content on aircraft 

®i£; jsussrtt 

«j^jts%sssss sssr. 

Teferlncl 

additional decreases in N0 X emissions, such as those discussed in reference IS and shown 
in Figure 25. 

A variety of minor combustor modifications can be used to reduce CO emissions 

would^ea^matnly ° f air and fUel in 

the primary zone. 

Although most of the aforementioned concepts have been or are being evolved to re- 
fuels with relaxed specifications is certainly going to bu needed. 


Engine Component Durability and Maintenance 


Several potential design approaches can improve component durability and reduce main- 
tenance requirements: ^ combu8tion techniqucs 

Advanced materials and coatings 
Advanced liner cooling techniques 
Improved structures 

Thermal-barrier coatings also offer the potential for reducing liner ^mperatures. A 
irrr^? n i6,? ln A C °zirconia SrSmic^i? tll^TiUTo the liner inner wall. The com- 
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buator wan tented <>ve r a range cf conditions simulating onqino takeoff ami oruino; the 
rtniultant etloct **i the <.vrap.ii: coating <>n I he maximum liner te ‘erature in nhown in 
Figure 2d. ;i igm t leant reduct ions in maximum liner temperature were realized at both 
the cruine ami takeoff eondi t ions. Research and development of this and other advanced 
liner-cooling techniques, sui/n an those shown in Figure 29, ie certainly warranted. 

The continued development of all the aforementioned approaches will surely be 
needed to maintain acceptable durability and maintenance characteristics of future 
engines using rclaxod-upccif icati m fuels. 


Erosion, Corrosion, and Deposition 

Solving the problems of erosion, corrosion, and deposition on engine hot-section 
life will require many of the design techniques already described. Reducing combustor 
•oot and carbon formation and minimizing the effect of such trace constituents as sulphur, 
potassium, and manganese must be actively pursued. Corrosion-resistant materials are 
being developed, and the use of coatings to protect the parent ratal is also being eval- 
uated (17). One example of how materials and coatings can affect the impact of corrosion 
on specific weight change is shown in Figure 30. Continued exploration in thin area is 
certainly warranted, as well as the development of advanced turbine blade and vane cooling 
schemes that are less susceptible to plugging by deposits. 

Many of the aforementioned research and development needs are being addressed in the 
NASA Fuels Technology Program, as well as in other U.S. Government and industry-sponsored 
programs. Presently, the main emphasis in the NASA program is cn evaluating combustion 
and durability problems. However, because of the importance of all the problem areas dis- 
cussed in this paper, problem definition and response to technological needs must be con- 
tinuously reviewed. A comprehensive data base will surely be needed if we are to optimize 
the trade-off between advanced technology development and fuel specification relaxation for 
future aircraft applications. 


AIRCRAFT ENGINE FUEL SYSTEMS 

The fuel properties that are most likely to cause problems in aircraft enqine fuel 
systems are those that affect fuel thermal stability, flowability, and pumpability and 
fuel-system material compatibility. These factors are principally affected by the fuel- 
bound-nitrogen and hydrogen content, freezing point, and aromatic content of the fuel. 
Another factor of concern in fuel systems is the effect of fuel volatility on safety. 
Since the forecasted trend in future fuels is toward a less volatile fuel, rather than a 
more volatile fuel that would present safety hazards, changes ir. potential safety prob- 
lems are not expected and therefore are not discussed in this paper. 




Thermal Stability and Deposition 

Increasing fuc 1-bound-nitrogen content can result in a less thermally stable fuel. A 
similar effect is also noted for reducing fuel hydrogen content. The use of fuel as a 
heat sink in most aircraft fuel systems results in a rise in fuel temperature. If the 
fuel temperature approaches or exceeds the "breakpoint" of the f-el, deposits may form in 
the heat-exchanger passages and a loss in heat.- trans f er effectiveness can occur. (Fuel 
breakpoint temperature is discussed in ref. I.J .In the extreme, these deposits can become 
severe enough to produce flow restrictions in the fuel pussaqes; thereby increasing the 
pressure drop. Fuel nozzles are also susceptible to this potential problem. One test that 
is commonly used to measure the thermal stability of the fuel i: the JFTOT technique (1) . 

As an example, a fuel that was derived from shale oil and refined to two different fuel- 
bound-nitrogen content levels was exposed to this test and the results are shown in Fig- 
ure 31. As illustrated, the deposits that wore formed within the tube were much more se- 
vere for the fuel with high fuel-bound-nitrogen content when both fuels were heated to 
the same temperature (e.g., 260° C). 





Many factors are involved in the formation of fuel-system deposits. Several of the 
principal ones that have been identified are: 

Fuel properties 
Engine-cycle pressure ratio 
Flight duration 
Fuel contamination 
Surface material 
Fuel oxygen content 
Fuel additives 

fuel hydroqen and fuel-hound-nitroqon contents) is only 
it in the one factor that will most likely be affected 


Even though fuel properties (i.e., 
one of the many factors involved, 


by any relaxation of fuel specifications for future aircraft engines. 









Fuel Pumpability and Flowability 

At the freeze point, a fuel begins to enter a aemisolid state, which can have an 
adverse effect on its puinpahility and flowability. For example, a Bomi solid fuel can 
•eve rely block a screen filter, aii illustrated in Figure 32. Any blockaqo of this mag- 
nitude in an aircraft fuel system could have disastrous consequences • Hence, maintaining 
fuel temperature at a sate margin above itr. freeze point is an absolute necessity. 

Therefore, any mci. canes m fuel freeze point that could occur from relaxing the specifi- 
cations of future fuels must be carefully considered. 

Many factors must be considered in evaluating the minimum allowable fuel-tank tem- 
perature, such as flight routes, altitude, and duration and the initial fuel temperature. 
The effect that fliqht routes can have on fuel temperature is illustrated in Figure 33, 
where the average of the recorded in-flight fuel temperatures of a large number of air- 
craft is plotted as a function of the percentage of flight time that the fuel was above 
the minimum temperature recorded during the flight. The average fuel temperature data 
for each of three different routes, as documented by the International Air Transport 
Asaociatign, are shown. The Norrh Atlantic and North Pole routes had fuel temperatures 
below -30 C about 20 percent of the time, but the Europe-to-South-America route had fuel 
temperatures below -30° C only about 2 percent of the time. An example of the calculated 
effect of both flight duration and initial fuel temperature on the fuel temperature for a 
long-range flight of 9300 km is illustrated in Figure 34. The procedures involved in this 
calculation are described in reference 18. After about 6 hours of flight, the calculations 
indicate that fuel temperature would reach about - 40 o c regardless of the initial tem- 
perature. This effect of initial fuel temperature could allow a higher-freeze-point fuel 
to be used for short-duration flights, but it would probably not provide any substantial 
benefit on typical long-duration flights. 

Since the "candidate" broad-specification fuel described in reference 1 has a freeze 
point of about -29° C, some form of fuel heating will probably be required to prevent fuel 
pumpability and flowability problems in long-range aircraft using this fuel. A calculated 
projection of the percent of flights that would require fuel heating as a function of 
season, flight duration (mission), and fuel freeze point is shown in Table I. The analysis 
used to arrive at the data shown in Table I is discussed in detail in reference 19. 

Based on this analysis, the need for fuel-tank heating would be very minimal for the -29° C 
freeze-point fuel, but increasing the freeze point to -19° C would require heating on all 
flights at all times of the year. From these freeze-point considerations only, it would 
appear that a fuel with a relaxed f uei-f reeze-point specification of -29° C (current value, 
-40 C) may be acceptable for aircraft use if fuel heating can be provided for selected 
flights. 


Material Compatibility 

One concern in aircraft fuel-system materials that could be affected by relaxing 
fuel specifications is the impact that increasing aromatic content may have on the 
elasticity of elastomer compound and sealants. This effect is shown in Figure 35. For 
an exposure time of 4 hours, the elasticity ratio f E /fo of a butadiene acrylonitrile 
rubber elastomer decreased from about 0.7 to 0.15 when the aromatic content of the fuel 
that it was immersed in was increased from 20 to 60 percent. The elasticity ratio f e /fQ 
is described in reference 19 where is defined as the measured stress relaxation after 

exposure and fo before exposure. The loss in elasticity shown in Figure 35(a) may affect 
the ability of this elastomer material to be effective in applications such O-ring seals. 

A similar, although not quite as pronounced, effect is shown in Figure 35(b) for a typical 
sealant material. It should be noted here that many elastomer compounds can be and are 
tailored to specific fuel properties so that these affects would be minimized for a given 
fuel in a given application. However, for aircraft fuel systems that must operate with 
fuels having a wide range in aromatic content, the material compatibility problems illus- 
trated could become significant. 


AIRCRAFT FUEL-SYSTEM TECHNOLOGY NEELS 

The preceding section describes some of the fuel-system problems that can be antici- 
pated from the relaxing of fuel specifications. The technologies that must be developed 
to minimize or eliminate these problems are discussed in this section. Some of the criti- 
cal fuel-system areas where continued research and technology efforts are needed are: 

Fuel-tank heating 

Fuel manifold and fuel injection fouling 
Elastomcters and sealants 
Ground handling 

Although the need to improve ground handling techniques for storing and loading higher- 
freeze-point fuels is recognized, it is not discussed in this paper because we are princi- 
pally addressing potential propulsion-system problems. The effects of fuel properties on 
fuel manifold and injector foulinq and on elastometers and sealants still needs consider- 
able evaluation before the technological nced3 can be clearly defined and pursued. There- 
fore, we will concentrate on those advances in technology that are needed to solve the fuel 
pumpability and flowability problems that could occur when using fuels with freeze points 
higher than those currently specified. 
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The calculated flii-ct of fuel-tank heat Inn on fuel temperature na a function of 
flight time for a typical ion., -ramie, wide-bodied Jet aircraft in shown in FlOure 36 
it-ken from ref. 19). Two leveln of constant heat input to the fuel were used in the 
computation. For the entire 9300-km mission, n heat input of 1700 kJ/min per fuel tank 
v.auld be needed to maintain the fuel temperature above a freeze point of -29 c, and 
6500 KJ/min per tut L tank would W* r.i »t,*i !» :t i to maintain tho funl temperature above -18 C 
freeze point. Su.ce the iuel temperature ntayu above the -29° C freeze point during the 
first several hours of the mi union, no fuel heating would be needed durinq thi3 portion 
of the mission for a fuel having this relaxed free stn- point specification. Therefore, 
from an economic standpoint, it would seem reasonable to consider the use of ^elective 
heating a* required rather than the continuous hcatinq that was used to calculate the 
characteristics shown in Figure 36. The effectiveness of this approach is illustrated 
in Figure 37, where calculated fuel temperatures are plotted an a function of ^^ht time 
for a 9300-km mission of a typical widu-bodied jet aircraft. The calculated character- 
ietics shown for the various tank locations also indicate that it would probably not be 
necessary to apply heat during the early portion of the flight. Using selective fuel- 
tank heating would certainly reduce the total heat input needed to heat the fuel during 
the entire mission. 

Another technique that could be used to reduce the total heat input needed for a mis- 
sion would be to insulate the fuel tanks. An example of how tank insulation thickness 
could reduce heat input is shown in Figure 38 for a 9300-km mission of a typical wide- 
bodied jet aircraft. Increasing tank insulation from zero (value assumed the Fig. 36 
calculations) to a 2.5-cm thickness would result in a factor-of-4 reduction in the heat 
input needed to maintain v.he fuel above -29° C. The application of this much insulation 
would produce an aircraft weight penalty that would have to be compared with the savings 
in heat input before such a technique could be considered. 

An example of aircraft heat sources that could be used to provide the needed heat in- 
put to the fuel tank is illustrated in Figure 39. The use of the cabin 

'Lid lubricating-oil heat exchangers would require minor modifications to the aircraft an 
fuel system ana could be implemented with a relatively low risk. The use of ft ^oost 
pump recirculation and an enqine-driven electric heat exchanger would probably requi * 
minor- to-mode rate modifications. The use of compressor air bleed would require moderate 
modifications and developmental risks. And the use of a tailpipe heat exchanger vould 
require the most difficult and highest risk modifications. The calculated ^craaaes in 
aircraft weiqht for a typical wide-bodied }ct aircraft and the resultant fuel penalties 

associated with using these fuel heat sources are given in Table II. In the 

moderate class of rr.odif ication, the lubricating-oil heat exchanger and the engine driven 
electric heater appear to represent a reasonable approach from a combined heat input and 
fuel penalty consideration. Neither the air-conditioning-system heat exchanger nor fuel 
boost-pump recirculation would provide a satisfactory heat input f? te 1* f ox- 
pressor air bleed would result in a very high fuel penalty. And the 
changer would have a very high development rxsk, which certainly reduces attrac 

ness even though its successful application would result in the lowest fuel penalty for 
given required heat input rate (e.g., 6500 kJ/min) . 

Although research into all these heat- input techniques should and will be continued, 
the results of the present studies indicate that the engine-driven electric heater may 
offer a reasonable trade-off between heat input rate and fuel penalty. This technique 
may also have an additional advantage over the others because au* 1 ^* 1 * off This^ 

be used for tank heating while the aircraft xs on the ground with the engines off. This 
could be important for operations in extremely cold climates. The very i att?Ictive- 

associated with the weight of effective tank insulation certainly minimizes the attractive 
ness of this approach. Although these results were based on calculations and experimental 
verification is still needed, they do help to focus the research and development needed 
to provide the technology that will allow fuel freeze-point specifications to be relaxed. 
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CONCLUDING REMARKS 

The objective of this paper was not to discuss or debate the advisability of using re- 
laxed fuel specifications for future aircraft applications. Rather, the intent was to 
point out and discuss some of che problems that could arise if these fuels must be used 
And to illustrate the advances in engine and fuel-system technology that may bo 
ior these fuels t: be acceptable in future aircraft. In this context, then, it has been 
stated that the principal fuel properties of concern are those related to increased 
Sromatic compounds (lower fuel hydrogen content), increased f ucl-tound-nitroqcn compounds, 
higher boiling points (reduce volatility), and higher freeze points. All these Properties 
are associated with the relaxation in fuel specifications that may be needed to Pro/ide a 
laraer supply of petroleum-derived jet aircraft fuels and to reduce the degree of refining 
naeded ti/convcrt oii-shulc- and coal-derived crude oils into acceptable Jet aircraft fuels 
In the future. In addition to these fuel properties, increases in such trace constituents 
„ vanadium and potassium may also be of concern. Techniques such as fuel heating may 
alto be important. 

Potential adverse fuel property effects on cnqinc performance are related to probable 
Changes in ignition and relight lints and in exhaust-gas emission levels. Counteracting 
both of these effects will re-mire advanced combustor technolony such as improved o 
auxiliary fuel atomizers, better fuel-air distribution, and mixing and lean combustion 
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mq problems related to rnpiponimt durability and maintenance will 
luqy a;i improved fuel at t»ni i ae r ft , lean combustion techniques# 
anil new material!; . Solving protileinr. in aircraft fuel systems 
he.it uni t.i*ehn iqu'S and "tailoied" e las tome ter materials. Even 
il.it h,n:i of novel al of t hese techno! o'l 1 ca 1 advances have been en~ 
re'a*arch and development is still needed to make them acceptable* 
nd ,u t.:raft fuel systems. Furthermore, the ability to cope with 
such as those caused by variations in thermal stability and by 
, not been demonstrated to even an acceptable experimental ievel 
he factors that contribute to variations in thermal and chemical 
understood and much more research is needed. Turbine erosion and 
be somewhat relieved by vising coatings , but considerable research 
r stand all the factors that contribute to these problems. 


Because of the many unknowns that must 3till be explored and explained throuqh re- 
search and development efforts# it is apparent that these efforts should proceed at an 
orderly and timely pace. Although it is unlikely that aircraft will have to operate 
v^ith the wide variation in tucl properties discussed in this paper, a sound and complete 
technological data base must be developed as soon as possible if the aircraft industry is 
to have any impact on setting acceptable variations in the specifications of future air- 
C raft fuels. It is none too soon to start developing this data base since trade-offs will 
have to be made to determine the optimum choice between the cost and difficulty of develop- 
ing advanced engine and fuel-system technology and the economic advantages to be gained by 
reducing the degree of refining needed to produce current-specification fuels from projected 
future fuel feedstocks. 
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TABLE I. - UTILIZATION OP HEATING SYSTEMS (FROM REF. 19) 


Million length# 
km 

Winter 

months 

Summer 

months 

-19° C fuel 

-29° C fuel 

-19° C fuel 

-29° C fuel 

Plights predicted to use 
percent of 

fuel heating 
total 

systems , 

3700 

53 

0 

45 

0 

5600 

59 

.1 

50 

1 

9100 

73 

5.3 

59 

1 

Combined utilization 

62 

1.8 

52 

1 


TABLE II. - COMPARISON OF POSSIBLE FUEL HEAT SOURCES 



Maximum heating 
rate per tank# 
kJ/min 

Weight 
increase # 
kg 

Fuel 

penalty# 

percent 

Air conditioning system 

2200 

140 

0 

Lubricating-oil heat exchanger 

4500 

140 

**.4 

Fuel boost-pump recirculation 

2100 

140 

~ . 4 

Compressor air bleed 

6500 

300 

3.9 

Engine-drive electric heater 

6500 

450 

.5 

Tail-pipe heat exchanger 

6500 

250 

.1 

Insulation - 2.5 cm thick 



5900 

14.6 

Equivalent heating by combustion 

6500 

— 

.4 
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Figure 1. - Potential problems from relaxing jet fuel specifications. 
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Figure 2. - Specific-fuel-consumption performance deterioration trends for 
typical engine. (From ref. 4.) 
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Figure 4. - Altitude relight limits of a conventional annular con- 
bustor. 



la) TAKEOFF CONDITIONS. 



(b) CRUISE CONDITIONS. 
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Figure 5. - Effect of fuel hydrogen content on smoke nu..iber, (From 







HYDROGEN CONTENT. PERCENT BY WEIGHT 

Figure 8. - Effect of fuel hydrogen content on emissions of nitrogen 
oxides at takeoff and cruise conditions. (From ref. 6. ) 



HYDROGEN CONTENT. PERCENT BY WEIGHT 

Figure 9. - Effect of fuel hydrogen content on maximum flame tem- 
perature. 







iY 


° experimental data 

o 900 CALCULATED 



TEMPERATURE, °C 

Rgure 12. - Comparison of experi- 
mental and calculated liner wall 
temperatures over a range of 
inlet-air temperatures. 
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Figure 13. - Comparison of ex- 
perimental and calculated 
liner wall temperatures over 
a range of inlet-air pressures. 
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Figure 14. - Effect of fuel hydrogen 
content on maximum combustor 
liner wall temperature. 
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Figure 18. - Schematic representations of environmental attack. 
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Figure 19. - Specific weight changes for three modes of 
"impurity" - associated environmental degradation. 


















□ CONVENTIONAL COMBUSTORS 



DOUBLE-ANNULAR CONCEPT VORBIX CONCEPT 

Figure 24. - Emission reduction capability of selected advanced-technology 
combustor concepts. 
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CONCEPTS POTENTIAL 

Figure 25. - Progress in high -altitude, subsonic-cruise NO x emission 
reduction. 
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AVERAGE EXHAUST-GAS TEMPERATURE, °C 

Figure 28. - Effect of ceramic coating on maxi 
mum liner temperature. 
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Figure 35. - Effect of various feu Is on material elasticity. (From ref. 20. ) 





FUEL TEMPERATURE. 



Figure 36. - Fuel-tank temperatures for a 9300- 
kilometer flight with heating 



Figure 37. - Effect of intermittent heating on fuel tank tem- 
perature. Wide-body jet; 9300-kilometer mission. (From 


ref. 18. ) 
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Figure 38. - Reduction of fuel heating requirements 
by tank insulation. 
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Figure 39. - Potential fuel-tank heating sources. 
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